Abstract. The most popular flare model used to explain the energy release, particle acceleration and radio emission is based on the following assumptions: (1) The formation of a current sheet above a magnetic loop, (2) The stochastic acceleration of particles in the current sheet at the helmet of the loop, (3) the transport and trapping of particles inside the flaring loop. We review the observational consequences of the above model and try to generalize by putting forward a new suggestion, namely assuming that a complex active region driven by the photospheric motions forms naturally a large number of stochastic current sheets that accelerate particles, which in turn can be trapped or move along complex field line structures. The emphasis will be placed on the efficiency and the observational tests of the different models proposed for a flare
Introduction
Radio emission from solar active regions during flares is closely related with two factors, (a) the rate of electron acceleration before, during and after the impulsive phase of the flare, and (b) the topology of the magnetic field in the active region hosting the flare. None of the main "actors" responsible for the characteristics of the radio emission is well known and this makes the direct modeling and interpretation of the radio observations extremely difficult.
High energy particles are also responsible for hard X-rays and γ-ray bursts emitted from the same active region and are less dependent on the details of the magnetic field topology. The combined analysis of the high energy emission (including Hard X-rays, γ-rays and radio) from the same event is an extremely valuable tool for our understanding of the physical processes behind the flares. Unfortunately, the events covered simultaneously in all wavelengths are only a few, and no conclusive results can be drawn for the source of energetic particles or the topology of the magnetic fields.
We can then conclude from the above that the direct reconstruction of the velocity distribution and the magnetic topology from the data is not possible, which has led many researchers to very simplistic models (Maxwellian with power law tails, simple magnetic loops, single current sheets, etc). The alternative road is to estimate the high energy emission from the proposed flare model (direct modeling) and then compare the results of the model with the available data. This road seems more straightforward, but there is a fundamental obstacle, the scales of the physical processes involved in the formation of the unstable magnetic topology responsible for the flare are very different from those responsible for the dissipation of the magnetic energy and the acceleration of high energy particles.
MHD models can follow successfully the large scale evolution of the magnetic field, but the dissipation of magnetic energy (responsible for flares) is not necessarily an MHD processes (resistivity plays a crucial role). The acceleration of particles is a kinetic phenomenon appearing on all scales. Therefore, all attempts made so far to explain the flare and the CME inside the framework of the MHD theory have failed to explain the high energy phenomena.
In the past, high energy particles (energies above 25 keV) were assumed to carry a small percentage of the energy released in explosive phenomena. Recent estimates show that this is not true and more than 40% of the energy released in solar flares is going to high energy particles [1, 2, 3, 4, 5] . This leads us to the conclusion that kinetic phenomena play a crucial role in the understanding of solar flares.
Hybrid codes, following both, the evolution of the MHD and kinetic aspects of a flare on all scales (from meters to thousand of kilometers) are not feasible today and the detailed modeling of solar flares remains an open problem for the future generation of computers. We then conclude that, since both the reverse and forward modeling are not possible today, we will go ahead with simple scenarios (cartoons) for the processes which we believe to be active during flares and follow their implications.
Two broad classes of flare models are widely used today: (a) The breakup type of models, representing mainly the flares which show close association with large scale events leading to CMEs [6, 7, 8] , and (b) the loop models, which explains better the compact and relatively small flares which are not associated with CMEs. The splitting of the physical processes in categories is a useful tool for detailed studies, but it may lead us to wrong conclusions when the magnetic topologies, where the flares start, are extremely complex.
The mechanisms for the acceleration of particles and their transport is different in the two models. The expected radiation signatures are also very different and it is worth reviewing briefly the main features.
Our goal in this review is to present the current status of the energy release processes for solar flares and the associated acceleration mechanisms and to sketch the expected radio emission. Moreover we introduce a third type of flare model, which is based on the complexity of the magnetic topologies and the fragmentation of the magnetic energy release, which is associated with the turbulent photospheric motions and which results in complex magnetic fields and the formation of many current sheets of all scales.
In section 2, the main "traditional" models (break up and loops) for the energy release and the expected acceleration of particles will be sketched. In section 3, the energy release and the acceleration of particles in more realistic complex magnetic topologies will be analyzed and in section 4 the expected radio emission from all three types of models will be discussed briefly. Our results will be summarized in section 5.
2 Classical models for energy release and particle acceleration 2.1 The break-up model for flares/CME A large variety of models demonstrates the connection between the flare and the CME [9, 10, 11, 12, 13, 14, 15] . All the above models start from simple magnetic topologies (2D or 3D) which are driven to instability by the shear along or perpendicular to a neutral line or by emerging magnetic flux. The schematic view of the models emerging from the proposed scenarios and corresponding simulations are shown in Fig. 1 . There are several variants of the break-up model, according to the details of the initial magnetic field and the photospheric motions, these details are though beyond the scope of this article (see [16] ).
The cartoon presented in Fig. 1a shows that the high energy particles are covering a small portion (labeled with red) of the volume covered by the unstable structure. There are several acceleration regions in this model: (1) the current sheet, (2) the turbulent outflows, (3) the slow and fast shocks. In Fig. 1b , the emphasis is given on the presence of several shocks surrounding the long and thin current sheet above the closed magnetic topology.
We could point out several weak points of the break up model, we will though focus our attention on the so called "number problem". It is well known that during a flare the required rate of particles accelerated is 10 37 particles/sec, so for a flare lasting 100 secs more than 10 39 particles will be accelerated. Translating this number to coronal conditions (mean density 10 9 − 10 8 particles/cm 3 ), we conclude that the current sheet and the surrounding parts (fast jets, shocks etc) (see Fig. 1a ) should cover a volume comparable to 10 28 cm 3 . Assuming that the thickness of the current sheet is several ∼ 10 km we can reach the conclusion that the current sheet should be huge (10 11 cm × 10 11 cm) and should remain stable for 100s of secs. The plasma inside this volume should be replenished and accelerated to high energies with extraordinary efficiency. We believe that it is hard to prove that this huge structure will remain stable and active for so long inside an unstable magnetic topology. The break up of the current sheet and the formation of several fragments will be a natural consequence [17] .
The 3D evolution of a simple bipolar photospheric magnetic field leads also to the break up model, but the magnetic topology is extremely complex [15] . The formation of a large number of stressed magnetic field lines (see Fig. 2 ) with numerous current filaments and fragments is apparent and can be the answer to the high energy emission observed. The simple magnetic topology for the current sheet, presented earlier and the associated simple accelerators (Direct E-field, constant flows and shocks) are replaced with much more complex topologies, which host a variety of accelerators in the 3D configurations.
The most prominent accelerators in the stressed 3D topologies mentioned above are the stochastic electric fields due to the sheared field lines. The expected electric fields are
where V (r, t) is the plasma velocity, η is the resistivity, B(r, t) the magnetic field and J (r, t) ∼ ∇ × B(r, t) the current. In the 3D representation of the break up model the monolithic current sheet disappears and new, more advanced and interesting models for particle acceleration appear. We will come back to these models in the next section.
The loop model
Nordlund and Galsgaard [18] solved numerically the non-ideal MHD equations to follow the evolution of photospheric stresses on a simple magnetic loop. The magnetic field initially was assumed to be uniform and anchored in the photosphere. The boundary velocity consists of a sinusoidal shear with a wave length equal to the length of the boundary. The orientation of the shear, the phase, the velocity amplitude and the duration of the individual driving events are random, with various limitations on the parameters [19] .
As the boundaries of the loop are stressed by the randomly changing boundary flows, the loop is stressed into a state where numerous Unstable Current Sheets (UCS) are formed and distributed along the length of the loop (see Fig. 3 ).
Turkmani et al. [20] used the the above model to study its efficiency to accelerate particles. A snapshot of the coronal magnetic field was used. The 3D structure of the electric field was estimated with the use of Eq. 1 (see Fig. 4 ). The scattered electric field accelerates ions and electrons in very short times (≤ 0.1sec). The electrons and ions are stochastically accelerated forming energy distributions similar to the ones needed to reproduce the observations. So far we have analyzed the random formation of stresses inside the loop. The loop is also disturbed by Alfven waves propagating along the magnetic field. It is well known that weak MHD turbulence is a very efficient accelerator [21] . Diffusive acceleration of particles by MHD waves was contrasted and compared to direct E-fields and shocks formed by large scale current sheets in the break-up model. Several recent articles showed that the non linear evolution of the MHD waves form small scale structures, which act also as shocks or UCS [23, 22, 24] .
Arzner and Vlahos [23] discuss the efficiency of particle acceleration in the presence of isotropic MHD turbulence with anomalous resistivity as a proxy Fig. 2 . Using the 3D MHD equations, even by starting from a simple magnetic geometry, the loop is led to a break up state with a very complex magnetic topology. The formation of numerous current sheets on all scales is apparent [14, 15] . [20] for the solar corona. The model for the MHD turbulence was relatively simple. They assume that the vector potential A was a superposition of Alfven waves propagating along the external magnetic field B 0
in axial gauge, a(k) · v A = 0 and with the dispersion relation ω(k) = v A · k, which is an exact solution of the induction equation with constant velocity v A . The A(x,t) is taken as Gaussian with random phases φ k and (independent) Gaussian amplitudes a(k), with zero mean and variance.
They analyze the evolution of a collisonless test particle in evolved homogeneous MHD turbulence with electromagnetic fields
where µ 0 J = ∇ × B and the resistivity switches on to anomalously high values when the current exceeds a critical value
where θ(x) is the step function. The wave vector represents the random fluctuations along the extremal magnetic field. The formation of UCS inside the 3D topology of the magnetic field is a consequence of the non linear interaction of MHD waves with the plasma (see Fig. 5a ). Particles crossing the localized UCS will experience a sudden acceleration (or deceleration) ( See Fig. 5b ). These jumps are random and their characteristics are shown to be beyond the quasilinear analysis described by the standard Fokker-Planck equation [25] . We can then conclude that for high amplitude MHD waves the simple division between waves, shocks and large scale UCS is lost, and it is replaced with particle acceleration in a mixture of waves, UCS and shocks.
Energy release and particle acceleration in complex magnetic topologies
The initial magnetic topologies used so far in all the models discussed above were relatively simple bi-polar regions. The initially stable magnetic topologies were forced to instability by the continuous or random stressing from the photospheric motions. The evolution of the large scale instability led to the formation of a complex, fragmented structure.
The next level of complexity is to use a realistic magnetic field topology born out from the linear and non linear force free extrapolation of the observed photospheric magnetic fields.
Vlahos and Georgoulis [26] use as the starting point of their analysis the magnetograms from a non flaring active region. Using the simplest possible method for the force free extrapolation [27] , they determined the 3D magnetic field topology inside the AR. The real magnetic topologies are even more complex than the magnetic fields predicted by the linear force free state, but for the statistical analysis presented in their article the linear force free extrapolation is probably suitable. Using simple criteria for the potentially unstable currents, e.g the angular difference between two adjacent magnetic field vectors, B 1 and B 2 to exceed a certain value, since the steep magnetic field gradients favor magnetic reconnection in 3D magnetic topologies [28] , they were able to define the location of the UCS. They concluded that AR form naturally UCS even during their formation stage (Fig. 6) . The free energy available in these unstable volumes follows a power law distribution with a well defined exponent (Fig. 7 ) [26] . We can then conclude that AR store energy in many unstable spots forming UCS of all sizes. The UCS are fragmented and distributed inside the global 3D structure. The only approach which is capable to capture the full extent of the interplay of highly localized dissipation in a well-behaved large scale topology ("sporadic flaring") is based on a special class of models which use the concept of Self-Organized Criticality [29] . The main idea is that active regions evolve by the continuous addition of new or the change of existing magnetic flux on an existing large scale magnetic topology, until at some point(s) inside the structure magnetic discontinuities are formed and the currents associated with them reach a threshold. This causes a fast rearrangement of the local magnetic topology and the release of the excess magnetic energy at the unstable point(s). This rearrangement may in turn cause the lack of stability in the neighborhood, and so forth, leading to the appearance of flares (avalanches) Fig. 7 . Typical distribution function of the total free energy in the selected volume, on using a critical angle 14
• [26] .
of all sizes that follow a well defined statistical law [30, 31, 32] , which agrees remarkably well with the observed flare statistics [33] . We can then conclude, after many years of studies, that a possible model for the dynamic evolution of the AR is the following: The 3D magnetic field is stressed from the photospheric motions, forms continuously UCS which relax, re-arranging the local magnetic field and causing flares of all sizes (Fig. 8) .
The acceleration of particles inside a complex active region being in Self Organized Critical state has been analyzed in numerous articles [35, 37, 36] .
We now pose a new question: Can the UCS become the local nodes for a large evolving network and accelerate stochastically electrons and ions? In this case the accelerator is not located in a single volume but it is distributed along the trajectory of the particle (see Fig. 9 ).
Vlahos, Isliker and Lepreti [37] study the statistical properties of an ensemble of isolated UCSs, and investigate the statistics of the energy gain when an entire distribution of particles moves through spatially distributed UCSs, all particles having random initial conditions. This question belongs to the field of MHD in combination with kinetic plasma physics (in what refers to anomalous resistivity). Also needed is an understanding of the spatial organization of an ensemble of co-existing UCSs and of their connectivity and evolution. A first hint to how the UCS might be organized spatially comes from the cited inquiries of SOC models, which are in favor of a global fractal structure with dimension around 1.8. The problem actually concerns the nature of 3-D, large scale, magnetized MHD turbulence, and it involves theory as well as observations.
With the concrete specifications of the random walk to the solar flare problem they made, they were able to achieve HXR spectra which are com- 9 . A particle (spiraling line) follows the magnetic filed lines (solid lines), travels freely a distance si until it enters a UCS (filled circle) where it is accelerated by the associated effective DC field Ei+1. After the acceleration event the particle again moves freely till the particle meets the next acceleration event [37] .
patible with the observations. Important is that the model naturally leads to heating of the plasma, or, more precisely, it creates a heated population in the plasma. This heated population can be expected to heat the entire background plasma through collisional interactions on collisional time-scales, explaining in this way the observed delay between the thermal soft X-ray and the non-thermal hard X-ray emission.
Radio emission from simple and complex magnetic topologies
We are now ready to pose a very important question: Is it possible to identify the concrete radio signatures from the complexity of the magnetic field lines, the energy release and particle acceleration? The exact modeling of the radio emission from the structures presented above is still lacking but we can make several preliminary comments, hoping that both the new development in the theory and more importantly the new data expected from the Frequency Agile Solar Radiotelescope (FASR) [38] will give a new input to the analysis presented in this review. Let us discuss separately the well known parts of the flare related radio emission, staring from the microwave bursts.
Microwave bursts
Microwave bursts are currently interpreted as the signature of mildly relativistic electrons trapped inside a magnetic loop [39, 40] . Acceleration of electrons and ions inside the loop can be a natural explanation for several well known high energy emissions: (1) The precipitating, mildly relativistic electrons produce the hard X-ray bursts forming the well known foot point emission, (2) the trapped mildly relativistic electrons produce the microwave bursts, forming large scale sources at the "loop top", (3) the precipitating relativistic electrons and ions are responsible for the γ-ray bursts.
Trapped and precipitating populations will also be present in more complex magnetic topologies. The fragmented energy release inside the loop will accelerate the electrons to almost relativistic energies [20] . The accelerated particles will cover large distances (thousands of kilometers) in relatively short time scales (fraction of a second), therefore microwave emission is not fragmented because the particles fill in a short time large parts of space, having moved away from the acceleration regions.
Radio instruments able to map the flaring region on a fast time scale (sub sec) can probably record, at the start of the flare, many small sources (dcm spikes?), but eventually this will give away to a large and almost uniform source at later times.
The simple version of the break-up model will easily provide the precipitating particles and explain the Hard X-rays and γ-ray bursts but the trapping of particles inside the closed loop below the helmet is difficult to explain (cross field diffusion is rather difficult for these energies). Therefore we should expect a long delay (tens of minutes) between microwave bursts and Hard X-rays (such delays have not been recorded). The 3D analog of the break-up model leaves more room for precipitating and trapped particle with much less delay. Nobody has attempted so far to follow particles in a 3D magnetic topology resulting from the break-up model and hosting many reconnection sites.
We can then conclude that hard X rays, microwaves and γ-rays can easily be accommodated from the third type of flare models, which incorporates the fragmented energy release. We predict that the new generation of radio instruments will record many isolated microwaves sources at the start of the flare.
dcm spikes, Type III bursts
The simple versions (assuming monolithic current sheets) of both flare models (loop model and the break-up) cannot account for the above bursts. Type IIIs appear usually in groups (isolated type IIIs are rare) at the rising phase of a flare.
These bursts can be explained from the fragmentation of the energy release in realistic magnetic topologies reconstructed from the extrapolation of the observed photosheric magnetic fields. Both types of magnetic field lines are present (closed and open, see Fig. 6 ). Therefore complex magnetic topologies and fragmentation are probably the explanation for the groups of type IIIs and dcm spikes (see more in [41] ).
A stochastic model for type III bursts was introduced and compared with observations [42] . In this model the AR is assumed inhomogeneous with a very large number of fragmented energy release regions (UCSs) connected to magnetic fibers. At the base of the magnetic fibers, random energy release events take place, in the course of which electrons are accelerated, travel along the fibers and eventually undergo bump-on-tail instability. Their main conclusion was that the observations are comparable with this model (see Fig. 10 ).
Type II bursts
The break up model can easily account for the type II emission. It predicts several shocks, traveling in all directions, but type II bursts (forward and reverse) are not so common during flares. We can then ask: Why are type II bursts not always part of the flare/CME complex? The loop model on the other hand is not an efficient source of type II bursts. 
Emission before and after the flare
The 3D version of the break up model can explain the pre-event radio emission as an expression of the build up of stresses leading to the instability, but it has difficulties to explain the long lasting (sometimes lasting for days) emission after the flare. The compact flare model can explain both since the loop is constantly under stress and the flare is a stronger explosion out of a series of explosions of all sizes. The fragmented complex loops model can explain these emissions much more easily. The realistic magnetic topologies easily predict both types of activity (pre flare and post flare). It is a challenge for the new radio instruments to investigate deeper this part of the flare problem.
Type I and type IV bursts
Type I and type IV continuum bursts can be the result of fragmentation of the energy release in large scale coronal magnetic complexes. The fragmented acceleration sources are responsible for the type I bursts. We propose that type I bursts are closely connected with the UCSs in the upper corona. Particle acceleration from the ensemble of the UCSs and subsequent trapping are responsible for the type IV continuum. The type I/IV bursts are analogous to the dcm spikes/ microwave bursts for the upper corona. The fundamental difference between the two types of bursts is that the dcm spikes/microwaves are powered by a flare and the type I/ IV are related with the micro flares appearing in the upper corona.
Summary
We have suggested in this review that flare models can be split into three very broad classes. The break-up model is responsible for the flares associated with CMEs and the loop model is connected with the compact flares. The complex model is an extension and generalization of the two classical models.
In 3D simulations of the break up model and of a randomly stressed loop the initial simple magnetic topology is forced to create many reconnection sites, and large scale current sheets collapse into many fragments.
Acceleration of particles is much simpler in an environment of fragmented energy release since the presence of stochastic E-fields, appearing in stressed magnetic topologies, naturally produces many UCS which collectively act to accelerate particles.
The next step in the development of realistic models is to consider the loop model and the break-up model in magnetic topologies born out from the observed photospheric magnetic topologies (using linear or non linear force free extrapolation as the basic tool). In these cases the sharp division between the break-up and the loop flare model starts to disappear and a third type of model based on the fragmentation of energy release emerges, as shown here.
Current observations give only partial support for the break-up or the loop flare model. There are observations fitting naturally in the one or the other model and others which are hard to fit in any. We believe that the extrapolated magnetic fields, stressed by turbulent photospheric motions will create a mixture of closed and open field lines populated by randomly placed E-fields and they will be able to model the known observations. These topologies have the following characteristics -They are efficient accelerators; -They have a mixture of open and closed magnetic filed lines -They can explain most types of bursts.
We believe that soon the next generation of flare models will emerge, where the current sheets will be hosted in a mixture of open and closed field lines. Forward modeling of the well known bursts inside these topologies will be an important diagnostic tool that will allow comparison to results from the radio instruments which are currently under development.
